Mitral valve (MV) repair is the preferred treatment for mitral regurgitation associated with organic MV prolapse (MVP). Our goals were to describe by transthoracic real-time 3D echocardiography (RT3D TTE) the pre-operative changes in mitral annulus (MA) dynamic morphology related to MVP, compared with a normal population, and to evaluate the differential long-term effects induced by annuloplasty, using either an incomplete flexible band or a complete semi-rigid ring.
Introduction
Mitral valve (MV) prolapse is nowadays the most common cause of mitral regurgitation (MR) in industrialized countries, with high risk of morbidity and mortality. 1 In the last decade, MV repair emerged as treatment of choice in patients with insufficiency due to valve prolapse, 2 allowing the preservation of geometry and function of the left ventricle (LV) while increasing long-term survival. 3 Several surgical techniques were developed to optimize and stabilize the mitral annulus (MA), via implantation of synthetic or biologic rings, 4 thus increasing the need for additional anatomical and functional information on the MV, both in pre-surgical planning and post-surgery follow-up, to better define objective criteria for assessing the in vivo performance of different rings, together with their impact on LV function. 5 -7 To date, there are no studies dealing with follow-up evaluation of 3D anatomy and dynamics of implanted rings, or with their impact on LV remodelling, while the few existing studies report only 2D measurements obtained in single frames. 8 -10 Transthoracic echocardiography (TTE) is routinely used for the assessment of the MV, before surgery and during follow-up. Realtime 3D (RT3D) echocardiography allows TTE acquisition and near real-time 3D rendering of the MV apparatus, thus potentially supporting its pre-and post-surgical evaluation. 11 We hypothesized that RT3D TTE is suitable for the quantification of MA dynamic morphology in the cardiac cycle, thus allowing to study the changes induced by MR and to serially evaluate, during a follow-up period, the effects of different implanted ring. Accordingly, our goals were: (i) to describe the pre-operative changes in MA dynamic morphology in MV organic prolapse (MVP) patients compared with normal controls; (ii) to evaluate the differential long-term effects induced by annuloplasty, using either an incomplete flexible band, or a complete semi-rigid ring.
Methods
Study approval was obtained by local Ethics Committee and, prior to participation, all patients signed an informed consent form.
Patient population
From January 2007 to May 2009, consecutive patients referring to Centro Cardiologico Monzino, Milan with an established diagnosis of severe MR due to organic MV prolapse and indications for MV surgical repair 2 were screened for enrolment. Severe MR was defined in the presence of effective regurgitant orifice area ≥0.4 cm 2 (by PISA), and/or vena contracta .7 mm, and/or MV flail for cordal rupture, consistently with recent recommendations. 12 Exclusion criteria included EF ,55%, associated MV stenosis, severe MA calcification, previous endocarditis, history of coronary artery disease, and cardiac arrhythmias. Moreover, patients without good acoustic window were excluded. The day before surgery, 2D and RT3D TTE were performed to constitute the baseline data. Patients underwent MV repair, using traditional techniques on mitral leaflets, chordae tendineae and, when indicated, papillary muscles. The procedure was completed with implant of an annular ring selected by the surgeon, based on his judgement and experience. Patients implanted with two specific devices were enrolled: CarpentierEdwards Physio (CAR) ring or Cosgrove -Edwards (COS) band (Edwards Lifesciences LLC., Irvine, CA, USA). MV repair was considered successful when the grade of residual MR was less than or equal to mild. 13, 14 Based on these criteria, 27 patients with CAR and 29 with COS were included. Two follow-up examinations were performed at 3-and 6-month post-surgery. Moreover, 20 healthy individuals (10 F, age 57 + 9 years, body surface area-BSA 1.7 + 0.2 m 2 ), served as the control group, undergoing 2D and RT3D TTE, with normal LV volumes and EF and absence of heart disease symptoms as inclusion criteria.
Echocardiographic imaging
From the left lateral decubitus position all patients underwent 2D (S5 probe) and RT3D (X3 probe) TTE examinations using an iE33 scanner (Philips, Andover, MA, USA). Image acquisition was performed by an experienced cardiologist. RT3D data sets were acquired using the harmonic wide-angled 3D mode from the apical window at a high frame rate (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) , wherein ECG-triggered seven wedge-shaped subvolumes were obtained during seven consecutive cycles in single breath hold.
Left ventricular and atrial dimensions
From 2D images, end-diastolic (ED) and end-systolic (ES) volumes and EF were computed by the biplane method of disks. In addition, ES left atrial area (LAA) was obtained from apical four-chamber view by the manually traced atrial endocardial contour. Also, systolic pulmonary arterial pressure (PAPs) was obtained by the Doppler echo method. 15 
MA morphology and dynamics
The RT3D data sets were analysed using custom software. 16 Briefly, in the ED frame a three-chamber view cut-plane was visualized, and two points identified on the anterior (saddle-horn) and posterior MA. Subsequently, nine long-axis cut-planes evenly rotated around the MA centre (208 steps) were displayed, and two points selected on each side of the MA. Each point was automatically tracked frame-by-frame in 3D space, using optical flow and region-based matching techniques. 17 The tracked points were connected using spline interpolation and triangular mesh to obtain the MA surface ( Figure 1, left) , and displayed to allow manual correction when necessary. Several parameters were automatically measured ( Figure 1 , right): † MA surface area (shaded light grey area), as sum of areas of all the mesh triangles, from which maximum and minimum during the cardiac cycle were obtained, as well as their absolute difference (DArea); † MA surface planar projection (shaded dark grey area), as 2D area obtained by geometrically projecting the MA surface on a plane; † their ratio, averaged over the cardiac cycle, as index of annular planarity (Mean ProjArea/SurfaceArea); † MA height, as the difference between the saddle-horn and the lowest MA point in the orthogonal direction to the MV plane, from which maximum and minimum during the cardiac cycle were obtained, as well as their absolute difference (DHeight); † antero-posterior diameter (D AP , starting from the saddle-horn and passing through MA centre), together with its orthogonal diameter (D CC , passing through MA centre). Their mean values during the cardiac cycle, as well as D AP /D CC , were computed. Moreover, DD AP and DD CC were defined as their difference between ED and ES diameters. † longitudinal displacement, as an average motion of all MA points along the long-axis direction, with respect of its ED position, from which the maximum was extracted; † MA peak systolic and early diastolic velocities, as the minimum and maximum first derivatives of longitudinal displacement; † anterior (1208-wide sector centred on the saddle horn) and posterior (remaining 2408-wide sector) MA longitudinal displacements, derived from MA division in two sectors (dark and light grey, respectively) based on saddle horn position.
Statistical analysis
Data are presented as median and inter-quartile range (25% percentile; 75% percentile). For each parameter, the data distribution normality (Kolmogorov -Smirnov test) and variance homogeneity (Levene's test) were assessed. To test for differences at pre-surgery between the control group and MVP patients, unpaired t-test or MannWhitney U test were applied. For the CAR and the COS groups separately, to test for differences at each step-point of the protocol, one-way ANOVA for repeated measure (with the Holm -Sidak method for multiple comparisons) or Friedman test (with Tukey test), was applied to normally or non-normally distributed data, respectively. To test for differences between CAR and COS groups during the follow-up, unpaired t-test or Mann-Whitney U test was applied at 3 and 6 months. All computations were carried out with E.G. Caiani et al.
SigmaStat 3.5 (Systat Software, Inc., Chicago, IL, USA), and differences considered significant for P , 0.05.
Results
Of the 56 patients undergoing MV repair, none was excluded for more than mild post-repair MV regurgitation. However, complete follow-up RT3D data acquisition was achieved in 44 patients only.
For the remaining 12, insurgent atrial fibrillation, inadequate image quality, or failure to show at one or both post-surgery examinations represented cause of exclusion. This resulted in 23 patients implanted with CAR (5F, 54 + 13 years, BSA 1.9 + 0.2 m 2 ), and 21
patients with COS (8F, 62 + 11 years, BSA 1.8 + 0.2 m 2 ).
In Table 1 , the results of the parameters extracted from 2D TTE in control and MVP groups are depicted, together with follow-up values, separately for CAR and COS groups at 3 and 6 months. The LV end-diastolic volume (EDV) and end-systolic volume (ESV) in MVP were augmented prior to surgery, although EF was comparable. Also, LAA and PAPs were increased. At 3 months, in both groups EF was reduced due to the decrease in EDV, while ESV remained unchanged. As expected, also LAA and PAPs trended towards a reduction that reached statistical significance in both groups at 6 months.
MA tracking was feasible in all data sets; analysis required 15 min, including manual correction when necessary and the computation of all parameters. Figure 2 shows an example of the MA displacement, height, and area over the cardiac cycle together with a 3D visualization of the MA profile from lateral and coronal views throughout the cardiac cycle. To note, during systole the MV longitudinal motion towards the apex was accompanied by an increase in MA height, together with MA dilatation. In Table 2 , the cumulative results from the control group and MVP patients at pre-surgery are reported. As expected, MVP had an enlarged MA, resulting in greater 3D surface area compared with controls. Accordingly, mean values of D AP and D CC were greater in MVP compared with controls; D AP /D CC , describing the MA profile circularity, was relatively elliptical in both groups, with DD AP larger than DD CC . While DD AP was similar between MVP and controls, DD CC resulted slightly increased in MVP, hence not significant. The MA height was increased in MVP throughout the cardiac cycle, thus depicting a greater MA nonplanarity compared with controls. The maximum MA longitudinal displacement was similar, even when considering the anterior and posterior segments separately. While no differences were found in peak MA systolic velocity, early diastolic velocities were decreased in MVP compared with controls. Table 3 shows the results obtained in CAR before surgery, and at 3 and 6 months. As expected, annuloplasty with CAR greatly reduced MA dimensions, as evidenced by decreased area and diameters compared with pre-operative values. The complete ring insertion also reduced the DArea and the DD AP . Annulus shape was changed towards planarity, as depicted by both a reduction in height and an increase in mean ProjArea/SurfaceArea compared with pre-surgery. The maximum MA longitudinal displacement was reduced at 3 months. The same behaviour was observed when anterior and posterior MA segments were considered. Both systolic and early diastolic peak MA velocities were decreased at 3 months compared with pre-op. At 6 months, all these values were found unchanged.
In Table 4 , the results obtained in COS group prior to MV repair, and at 3 and 6 months are presented. After annuloplasty, MA surface area and mean diameters were reduced. A reduction in DArea, DD AP and DD CC was found also with the insertion of this Figure 3 Cumulative results (mean + SD) of MA longitudinal displacement, surface area, and height at pre-surgery (left), at 3 (centre) and 6 months (right) in the control group (green line), MVP before surgery (black), Carpentier (red) and Cosgrove (blue) groups. To allow averaging of curves obtained from data sets acquired with different frame rate and number of frames in the cardiac cycle, values in the systolic and diastolic phases, separately, were resampled using cubic spline interpolation to obtain 100 points. These values were then averaged for all subjects on a point-by-point basis to obtain mean values and SD, every 2% of the corresponding cardiac phase. incomplete flexible ring. MA height at 3 months was reduced, and at 6 months all these values were unchanged, except a slight increase in DD CC . The maximum MA longitudinal displacement was reduced at 3 months, with the same behaviour observed for anterior and posterior MA segments. Both MA peak systolic and early diastolic velocities showed values similar to pre-surgical condition.
In Figures 3 and 4 , the cumulative values of MA longitudinal displacement, surface area, height, D AP , and D CC throughout the cardiac cycle are depicted for the control group (in green), the MVP group (black line) before surgery, and at 3 and 6 months for CAR (blue line) and COS groups (red line), separately. Compared with pre-surgery, the downward shift in displacement curves of both CAR and COS was evident at 3 months, while at 6 months a slight increase in the CAR displacement was noticeable, hence not significant. As a result of annuloplasty, the MA surface area and diameters were considerably decreased in both CAR and COS, together with their minimal variations during the cardiac cycle. Also, in both groups the height consistently decreased after surgery. Interestingly, D AP at 6 months resulted larger in COS than CAR, as well as the height in COS resulted greater than CAR at both 3 and 6 months, probably as a result of greater non-planarity associated with incomplete annuloplasty ring design in respect of the complete one.
In Table 5 , a summary of the results of comparison between CAR and COS at the different time points of the protocol is reported.
Discussion
We studied the MA dynamic morphology by RT3D TTE in MVP patients, in comparison to normal control subjects and during a 6-month follow-up, to assess the in vivo performance of two rings with opposite characteristics: an incomplete band, and a complete ring with semi-rigid characteristics.
Previous attempts at MV dynamics evaluation were based on R-wave gated acquisitions by rotational 2D TTE, 18, 19 free-hand transducer positioning, or rotational 2D TEE 20, 21 followed by 3D reconstruction, 22 which are all time consuming. Since RT3D TTE has become available, several studies proposed different approaches to measure the MA, 23 -26 by manually selecting two points on multiple rotational long-axis cut-planes (from 4 to 18). However, this time-consuming analysis is limited to one to three frames in the cardiac cycle.
With the advent of RT3D TEE and dedicated software, the MA apparatus quantification is nowadays feasible, and its potential utility has been recently shown. 27 -29 However, the dynamic analysis requires complete manual identification, thus limiting the analysis to few frames. In addition, RT3D TEE is performed intraoperatively, thus precluding follow-up studies. Conversely, we showed that MA dynamic analysis is feasible also from RT3D TTE images in MVP patients, pre-and post-MV repair surgery. This observation opens new opportunities to obtain novel information on annuloplasty rings performance during follow-up studies, as RT3D TTE can be performed in quite all patients without requiring specific clinical indications. Moreover, the availability of the 3D annular points over time can be utilized also to obtain realistic and patient-specific computational models from which to derive additional mechanical parameters on MV apparatus. 30 In agreement with previous studies, 18, 28, 31, 32 our results showed that normal MV annular dynamics is characterized by a progressive increase in MA surface area during systole. Simultaneously, marked annular antero-posterior with intercommissural expansions were observed. The normal MA was saddle-shaped and non-planar throughout the cardiac cycle. to controls, but with increased height at ES. 28 In agreement with
Little et al., 34 despite severe MR, MVP patients maintained dynamic MA functionality, both in MA area and height, supporting the hypothesis that MVP is associated with primary MA remodelling and partially independent of the MR volume. As MVP patients showed minimal LV remodelling, our study confirms the dissociation between annular size and ventricular function. 19, 34, 35 During follow-up, 3D MA geometric alterations might depend on the nature of the implanted ring, and they remain constant during a 6-month period. As expected, both rings reduced the annular size and diameters, with minimal area increase during systole. Interestingly, MA height was reduced compared with presurgery, even when the incomplete flexible band was implanted. However, the complete ring showed lower height and 2D/3D area ratio compared with incomplete band, thus resulting in less non-planar annulus. 21, 36 Our data also confirm that considerable reverse cardiac remodelling occurs after MR correction: early modifications in LV and LA dimensions previously reported at 5 days after surgery 37, 38 were still present at 3 months, independently of the implanted ring. The MA longitudinal motion evidenced a comparable MA displacement between normals and MVP, but with reduced early diastolic velocity, probably related to the known decreased atrio-ventricular gradient, which influences LV filling and consequently MA motion velocity. Interestingly, pre-surgically, patients receiving the CAR ring exhibited increased anterior displacement compared with COS patients. This apparent starting bias could be explained by the fact that anterior leaflet prolapse, characterized by large bulging of the anterior MA, was preferably treated with complete rigid ring, due to the surgeon's judgment and experience. At 3 and 6 months, the reduction in MA displacement found in both groups could be related mainly to the increased stiffness of the annular structure due to ring implantation.
Limitations
This was a non-randomized study with a limited midterm follow-up period. The validation of the tracking software accuracy was beyond our scopes. However, derived MA parameters were comparable with prior reports relevant to normal and MV patients' populations. 16, 20, 23, 24, 28, 34 Owing to technological constraints related to RT3D full-volume modality acquisition, often the late diastolic phase including atrial contraction (i.e. the P-wave on the ECG), was not part of the acquired data set. For these reasons, we could not confirm nor negate the previously observed effects of atrial contraction on the MA shape.
16,18

Clinical implications
To our knowledge, this is the first study to characterize the MA dynamic morphology in MVP after annuloplasty during a 6-month follow-up utilizing RT3D TTE. The applied methodology allowed the measurements of potentially clinically useful parameters, thus evidencing differences between MVP patients and an age-matched normal group. Also, it allowed the in vivo evaluation of two annuloplasty rings, representing the possible opposite design concepts (incomplete and flexible vs. complete and semi-rigid). Despite MV repair with annuloplasty represents nowadays the standard treatment for organic prolapse, the preferred choice of annuloplasty ring has not yet been determined, and in the surgical literature there is ongoing discussion on the opportunity to use softer and more deformable annular rings that are supposed to maintain, rather than restrict, the natural annular motion and geometry. 39 However, few data exist about the performance of the implanted rings, and on their effects on long-term survival and reoperative risk.
Our results show that, for both rings, at 6 months the natural MA area change is depressed, as well as the natural change in height, even when using the flexible open band. This observation is quite surprising as one of the supposed advantages of using the open band is represented by its ability in maintaining the physiological posterior annulus motion, which in turn appeared lost already at short-term after surgery.
We interpret this result with the hypothesis that the main factor affecting annular function is the undersizing of the MA dimensions performed with annuloplasty, which restricts the natural annular motion and its geometry independently of the implanted type of ring, thus losing the physiological MA saddle-shape. If confirmed, this would lead to the conclusion that there is not a preferred choice of annuloplasty ring in mitral valve repair surgery.
However, patients implanted with a Carpentier -Edwards Physio ring experienced a further loss in MA non-planarity, due to decreased height, compared with the Cosgrove-Edwards band. As MA non-planarity has been associated with peak leaflet stress reduction, 40 and to a decrease in mechanical strains in both radial and circumferential directions on the posterior leaflet during systolic valve closure, with potential reduction in loading on the suture lines and improved durability, 41 we could not exclude potential advantages on a long-term scenario by implanting the flexible band. Further studies are needed to better clarify this point.
Conclusion
RT3D TTE can be used effectively to obtain dynamic information on MA geometry and function in MVP patients, both pre-and post-MV repair with annuloplasty surgery. Differences along a 6-month follow-up, as well as in patients receiving the incomplete flexible band or the complete semi-rigid ring, were assessed. The proposed methodology could represent the basis for a better comprehension of the MA dynamic morphology to expand current understanding of MV disease, to tailor surgical treatment, and to develop new devices and techniques for surgical repair.
